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ABSTRACT. The absorption spectrum of green proteorhodopsin (GPR) is pH-dependent, exhibiting either
red-shifted (low pH) or blue-shifted (high pH) absorption maxima. We examine the molecular basis of
the pH-dependent spectral properties of green proteorhodopsin by using homology modeling and molecular
orbital theory. Bacteriorhodopsin (BR) and sensory rhodopsin 1l (SRIl) are compared as homology
templates. The model of GPR generated by using BR as the homology parent is better than that generated
by using SRII on the basis of the potential energy, relative stability to dynamics, and ability to rationalize
pH effects. MNDO-PSDCI (molecular neglect of differential overlap with partial single- and double-
configuration interaction) calculations provide insight into the spectroscopic properties of GPR and help
rule out the viability of the SRIl-based model. The proximity of His 75 to the quadrupole residues (LYR,
D97, D227, and R94) in the BR-based model provides a good model for both the low- and high-pH
spectral states of GPR. The observation that BR is a better structural model for GPR than SRIl is in
contrast to our previous study of BPR, which observed that SRIl was the better homology parent
[Hillebrecht, J. R. (2006Biochemistry 451579-1590]. The implications of this observation are discussed.

Proteorhodopsin (PRjs a light-driven proton pump found  The photocycle of GPR is similar to that of BB10), and
in the cell membrane of an uncultivated marine bacterium the photocycle kinetics of GPR and BR are both fast(10
of the SAR86 group of-proteobacteria. Following its initial 15 ms), a property characteristic of transport prote&4().
discovery off Monterey Bay (Californiallj, several variants Previous homology models of GPR were generated on the
of proteorhodopsin have been identified throughout the world basis of the BR crystal structuré)( The present study
(2, 3). The amino acid sequence of PR shows a high degreeexamines the relative viability of the GPR models based on
of sequence similarity to the archaeal rhodopsihs 3). BR and SRII as structural templates. We find that BR-based
Proteorhodopsin-expressing variants can be classified intomodels show lower energies and enhanced stability to long-
two major groups depending on their absorption maxima as term molecular dynamics (MD) simulations relative to SRII-
the green-absorbing (520 nm) and blue-absorbing (490 nm)based models. The BR-based structure provides a better
forms. The green-absorbing variants (GPR) are surfacemodel of the pH dependence on the absorption spectrum.
dwellers in comparison to the blue forms (BPR), which are We conclude that the BR-based model is more realistic in
bottom dwellers 1, 4, 5). Light absorption by proteorhodop-  elucidating the spectral tuning and pH dependence properties
sin triggers a series of conformational changes associatedof GPR (Figure 1).
with the chromophore and the protein environment and
results in proton translocation from the cytoplasmic side to MATERIALS AND METHODS
the extracellular surfacel( 3, 6). The electrochemical Expression, Isolation, and Purification of GPRhe GPR
gradient generated by this process is used to drive ATP gene (Bac31A08) was PCR amplified and cloned into a
synthesis for fueling metabolic processes within the @Il ( C-terminal His-tag-carrying plasmid pTrcHis2 TOPO TA
expression vector (Invitrogen, Carlsbad, CA). The GPR-
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Ficure 2: Homology analysis of the primary protein sequence of
GPR (Swiss-Prot accession number Q9F7P4) with BR (PDB ID
1C3W) in panel A and SRII (PDB ID 1H68) in panel B using the
BLOSUMA40 scoring matrix. The different regions of the protein
are shown along thg axis. To achieve maximum homology, the
residues are shifted by a certain number of residags)(relative
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Ficure 1. Three-dimensional model of GPR based on the 1C3W
(PDB ID) crystal structure (1.55 A) generated using homology
modeling and MD simulations (CHARMmM). The protein is char-

to the parent sequence represented alongxtlais. Red bars
indicate maximum homology, blue bars indicate good homology,
and black bars indicate bad homology. The yellow box is

acterized by the presence of seven transmembramelical representative of the number of shifts needed to achieve maximum
segments with the prosthetic group, @htrans-retinal bound via ~ homology. The net shift¥hma) was calculated for the BR- and
K231 (shown in orange). Highlighted are several key residues in SRIl-based models.

the protein (D97, D227, R94) which are conserved among most

retinylidene proteins. resin. The proteorhodopsin concentration was determined

from the absorption spectra assuming the valueszgmand
homogenized using a French press. The proteorhodopsin<ss; were the same as for the bR solubilized in a DMPC/
containing membrane fraction was purified via a series of cholate/SDS mixture at pH 8.0.1, 12).
low-speed (1000§) and high-speed (2000§0centrifugation Absorption Spectroscopgbsorption spectra of GPR were
spins for 30 min at £C. The pellet was resuspended in a collected at pH values of 6 and 10 by resuspending the
solubilization buffer containing 50 mM Tris (pH 7.7) and protein (200uL of 4.5 mg/mL Bac31A08) in 40@L of 0.1
2% dodecyls-p-maltoside ([FM) prior to a second round M phosphate buffer (pH 6.0) and 0.1 M CAPS buffer (pH
of homogenization using the Dounce tissue homogenizer. 10.0). Ultraviolet-visible spectra were collected at ambient
The protein isolated from the membrane was purified via temperature from 250 to 750 nm using a Cary 50 spectro-
fractionation using a nickelnitrilotriacetic acid (Ni-NTA) photometer (Varian, Inc., Palo Alto, CA).
resin column (Amersham, Piscataway, NT). The protein was Homology Modeling.The primary peptide sequence of
applied to the resin, which was equilibrated in buffer GPR (Swiss-Prot accession number Q9F7P4) was aligned
containing 50 mM Tris-HCI (pH 7.7) and 0.05% PM in against the peptide sequences of the BR (PDB ID 1C3W)
a Buchner funnel. The resin was washed extensively to and SRII (PDB IDs 1H68 and 1JGJ) crystal structures using
remove unbound and weakly bound proteins. The proteor-the BLOSUM40 scoring matrix13—18). On the basis of
hodopsin was eluted with the same buffer containing 250 the BLOSUM40 alignment, homology scores were assigned
mM EDTA. The proteorhodopsin-containing fractions were to each individual transmembrane region as shown in Figure
pooled and concentrated using an Amicon stirred cell 2. To achieve maximum homology, the initial 25 residues
concentrator with a PM-30 membrane. The concentrated (MKLLLILGSVIALPTFAAGGGDLDA) or 26 residues
protein was dialyzed using a 120604000 MW cutoff (MKLLLILGSVIALPTFAAGGGDLDAS) of the GPR se-
membrane against 3 100-fold volumes of 10 mM FitiClI guence were deleted to align the sequence against BR and
(pH 7.7) buffer to remove salts and eluted nickel from the SRII. The total homology score was calculated for all the
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SR-II 175 PFINLLGPPG-VALLTPTVDVALIVYLOLVTKVGFGFIALDAAATLRAEH for the GPR sequence were omitted to maximize the hOI’T]OlOgy
ser 202 [ Ly j: | ..\ score in alignment with the template sequence.
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B MMS3 calculations were carried out on structures with a fixed

Ficure 3: Linear sequence alignment of GPR and BPR with BR peptide backbone and a cutoff distance of 9 A.
(A) and SRII (B). The gray blocks represent the transmembrane  Following an initial MM3 minimization, the loop regions
regions of the protein based on the BR (PDB ID 1C3W) and SRIl of the GPR models were restored to the native GPR peptide

(PDB ID 1H68) crystal structures. Linear alignment file between :
the template and the PR sequences: Highly conserved residues i equence. Molecular mechanics based on the MM2 force

retinylidene proteins are denoted with a bold vertical dash, field were carried out on the loop regions with the rest of
conserved residues are represented with a vertical dash, and similathe protein locked in a fixed state to ensure that the loops
residues are represented with a colon. Residue deletionard correspond to a stable conformatioh9( 21, 22). GPR
insertions ) are introduced to maximize the homology score for ,ndels were further optimized using ABNR (adopted basis
the transmembrane regions. N . . )
ewton—Raphson) methods with harmonic constraints on
the peptide backbone. The system was heated to 300 K for
20 ps followed by equilibration for 100 ps at 300 K. The
system was then subjected to an NVT molecular dynamics

transmembrane regions of the protelpA—H). Residue
insertions into and deletions from the GPR sequence were

consistent with the linear sequence alignment file. Bold (MD) simulation under vacuum for a total of 2 ns with a
vertical lines in the alignment file are indicative of highly time step of 0.001 ps. Harmonic constraints were applied to
conserved amino acid residues among all retinal binding ¢, peptide backbone during the entire MD simulation. A
proteins as shown in Figure 3. The Kyi®oolittle plots nonbonded cutoff of 15 A with a switch nonbonding
generated for GPR relative to the template sequencessmoothing function between 11 and 14 A and a dielectric
revealed the presence of seven hydrophobic transmembrangonstant of 1.0 was used for all calculations. All molecular
regions (Figure 4) connected by hydrophilic loops. The GPR dynamics simulations were carried out using the CHARMm
models (BR- and SRIl-based) were generated following an (c29b2) CHARMm22 parameter set for proteins and TIP3P
initial sequence alignment in Cache 6.1.1 (Fujitsu, Inc., for water molecules. Chromophore parameters were adapted
Beaverton, OR). Protonation states of key residues in GPRfrom the optimizedall-trans-retinyl-protonated Schiff base
were maintained consistent with those observed in the BR (PSB) parameters as published by Hermone and Kuczera
resting state: Arg 94+), Asp 97 (), Asp 227 (), and (23).

Lys 231 +). All ionic amino acid residues in GPR lacking  The relative energies of the TM regions for the BR- and
accurate K, values were neutralized to avoid imprecise SRIl-based minimized GPR models were calculated. A
charge assignmen2(). Energy minimizations (MM3 force  parameter structure file containing the required information
field) employing steepest descent (SD) and conjugate gradi-for energy evaluation was created separately for the TM
ent (CG) routines were carried out to a convergence criterion regions of each model using the same coordinates as for the
of 0.001 kcal/(mol A) as described by Allinget, 20). 2 ns structure. The potential energies of the TM regions of
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BR-based Table 1: Relative Energies of GPR Calculated for BR-Based and
SRII-Based Homology Models
195 Q total  internal )
869 Fa7 model energy energy vander Waals electrostatic
S A
woa, P oa® GPR_BR (TM) —-13264 —13379  -187 —604
r Q Gg GPR_SRII (TM) o 0° —264 —643
2 o o2p GPR_BR (min, TM) —1664% —16764 —-157 —630
M GPR_SRII (min, TM) —274  —44Z  —152 —586
T101Q ~ GPR_BR (min, all) —2042 2716 —396 —5081
\W b GPR_SRII (min, all) —1828 2706 —374 —4906
76 a All energies are in kilocalories per mole and were calculated after
s 0'g a 2 ns molecular dynamics simulation using CHARMm. When “TM”

is indicated, the energies are calculated only for those residues in the
transmembrane segments, whereas “all” indicates the entire protein.
When “min” is indicated, the energies are 82 nsmolecular dynamics
simulation followed by a minimization. Models of GPR based on BR
are listed as GPR_BR, and those based on SRl are listed as GPR_SRII.
SRIl-based b Total energies relative to that of the GPR_SRII (TM) model, which
had the largest total energy of the TM structurdsiternal energies
calculated relative to that of the GPR_SRII (TM) model, which had
the largest internal energy of the TM structures.

aligned individually. Residues in the GPR sequence are

%@: Km“"‘{l’::z.." shifted Ores) relative to the template sequence to maximize
0‘0%10 L, 6 vVo-e the homology scorehf,a) as shown in Figures 2 and 3. The
: - net shift for the BR- and SRII-based models shows that the
= Tep %’Em BR-based model requires lesser shifts than the SRIl-based
D%;io model although the overall bandwidth is broader in the BR-
oo based model as shown in Figure 2. Kyteoolittle plots

generated for GPR (Figure 4) reveal the presence of seven
hydrophobic transmembrane regions consistent with other
8 retinylidene proteins.

Ficure 5: Retinal binding pocket of GPR based on the BR (A) Following an initial sequence alignment in Cache 6.1.1,
and SRIl (B) homology models. Shown are several aromatic the models are subjected to a series of energy minimization

residues lining the binding pocket extraité A from the chro- ; ; ; ; ;
mophore retinal with several key residues, K231, D227, D97, and and mplecular dynamlcs_ simulations. The relat[ve potential
RO4. energies for the TM regions of the 2 ns dynamics and 2 ns

minimized structures are calculated for the BR- and SRII-

the different systems were calculated using the CHARMm based models. The energies calculated for the BR-based

energy function 24). H75K variant models of GPR were structure are significantly lower in comparison to those
generated using Insightll (Accelrys, Inc., San Diego, CA). calculated for the SRIl-based structure (Table 1). Careful

The models were optimized using the ABNR method with examination of the BR- and SRIl-based GPR binding pocket
harmonic constraints on the peptide backbone. MD simula- further demonstrates that the SRII-based model collapses

tions were carried out on the variant models using the samef0!lowing a 2 nsdynamics simulation. The collapse of the
procedure as the wild-type models. SRIl-based model is attributed to the formation of a strong

MNDO-PSDCI MO TheoryThe spectroscopic properties salt bridge between the chromophore and Asp 227. Distances

for the BR- and SRII-based retinal binding sites of GPR were rrLeasureg betweder:hthe SbCh'ﬁI base nltrct)gen (NZ[))907f thz
calculated using the modified neglect of differential overlap chromophore and the carboxyl oxygen atoms on an

: : : : Co : D227 (OD1 and OD2) show that Asp 227 (OD1) is separated
with partial single- and double-configuration interaction ) .
(MNDO-PSDCI) molecular orbital theory26, 26). PM3 from the PSB linkage by 2.95 A in contrast to the same atom

parametrization with full single- and double-configuration n the _BR-based model (4.13 A). Molecular dynamics
interaction including the retinat system, water molecules, simulations on the 1H68 crystal structure of SRII produces

. te estimation of the binding pocket with Asp
and key residues (H75, R94, D97, D227, E)L&2A from & More accura !
the chromophore were included in the binding site simulation 201 (OD1) separated from .NZ by a distance of 4.56 A (Table
as shown in Figure 526, 27). 2). The calculated absorption spectra of GPR models based

on BR and SRII support the fact that Arg 94 in GPR is in
RESULTS an upward orientation. Another major observation in the BR-
based model is the proximity of His 75~6 A) to the
Homology ModelingAligning the primary sequence of quadrupole residues contributed by PSB, Asp 97, Asp 227,
GPR relative to BR and SRII using an in-house sequenceand Arg 94 relative to that of the SRIl-based model (10 A)
alignment program, Protein 3.6 (available upon request from as shown in Figure 5 and Table 2. Previous mutagenesis
the corresponding author), yields a homology score of 0.27 studies on BAC31A8 have identified that replacement of His
for the transmembrane regions (BLOSUMA40 scoring matrix). 75 with lysine eliminated the pH dependence property of
Due to the variable number of loop residues in the template the protein on the absorption maxima (pH range studied 4.9
sequence, the transmembrane regions of the protein aré.1). H75K-GPR models generated in Insightll further
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Table 2: Distances Measured between NZ and the Carboxyl
Oxygens OD1 and OD2 of the Counterion Complex

distance (A)

crystal after a2 ns
protein/atoms structure  MD simulation  stability

BR (1C3W) +

NZ (Ret)-OD1 D85 3.79 3.44

NZ (Ret)-OD2 D85 3.38 4.55

NZ (Ret)-OD1 D227 3.74 4.61

NZ (Ret)-OD2 D227 4.87 5.97
SRII (1H68) +

NZ (Ret)-OD1 D75 4.07 5.03

NZ (Ret)-OD2 D75 4.28 3.78

NZ (Ret)-OD1 D201 4.05 4.56

NZ (Ret)-OD2 D201 4.63 5.28
BR-GPR-E142 ) +

NZ (Ret)-OD1 D97 4.34

NZ (Ret}-OD2 D97 3.78

NZ (Ret)-OD1 D227 4.13

NZ (Ret)-OD2 D227 6.08
SRII-GPR-E142 {) -

NZ (Ret}-OD1 D97 5.49

NZ (Ret)-OD2 D97 4.81

NZ (Ret}-OD1 D227 3.02

NZ (Ret)-OD2 D227 4.23
SRII-GPR-E142 ) -

NZ (Ret)-OD1 D97 5.43

NZ (Ret)-OD2 D97 4.97

NZ (Ret)-OD1 D227 2.95

NZ (Ret)-OD2 D227 4.36
1JGJSRII-GPR-E142+)° —

NZ (Ret)-OD1 D97 5.39

NZ (Ret}-OD2 D97 7.43

NZ (Ret)-OD1 D227 2.66

NZ (Ret}-OD2 D227 4.87

a@Interatomic residue distances were calculated for the crystal
structures prior to and after the 2 ns molecular dynamics simulation.
The model stability is represented with &™ and instability due to
the collapse of the binding site as-™. ® Interatomic residue distances
for the 1JGJ SRIl-based GPR model were calculated after a 600 ps
molecular dynamics simulation.

corroborate this observation (details below). From our
theoretical models we conclude that the SRII-based model
is neither adequate in terms of stability nor rational in
explaining the spectral tuning and pH dependence of the
protein.

Molecular Orbital CalculationsThe electronic transitions
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1, the minimized transmembrane region of the BR-based
model possesses a lower potential energy in contrast to that
of the SRII-based model. The transmembrane regions of the
BR- and SRIl-based structures were utilized in the energy
calculations taking into account the variable number of loop
residues in the BR (1C3W) and SRIl (1H68) crystal
structures. We conclude that BR provides a more realistic
three- dimensional homology parent for GPR than that
provided by SRIIl. The 1H68 structure of sensory rhodopsin
Il was used as a template in the homology modeling study
because of the high resolution of the crystal structure (2.1
A) relative to that of the 1JGJ structure of SRII (2.4 &Y).
However, we also note that there are issues with the 1H68
structure. The hypothetical chloride ion binding site in the
1H68 crystal structure is absent from the 1JGJ structure of
SRII. This difference is attributed to the protonation of Asp
193 in the 1H68 crystal structure with altered hydrogen-
bonding interaction with the carbonyl oxygen on lle 177.
Protonated Asp 193 facilitates the binding of a chloride ion
to the guanidinium side chain of Arg 72. These structural
changes alter the local environment around Arg 72 between
the two crystal structured 8, 30). Therefore, we also carried
out simulations based on the 1JGJ structure for comparative
purposes. As noted below, we found no significant differ-
ences in the simulations. This observation can be traced to
the fact that the backbones have rms deviations of less than
0.44 A. In contrast, our previous homology modeling study
of BPR based on BR (1C3W) and SRIl (1H68 and 1JGJ)
yielded collapse when using BR but stability when using
either of the two SRII structure2®). Thus, the collapse of
both SRII-based models in the present study reflects on their
inappropriateness for use as homology models for GPR, not
on any inherent problems with the crystal structures. More
importantly, there are additional advantages of the BR-based
model in terms of explaining the spectroscopic and pH
dependence properties of this protein. We explore this issue
below.

Analysis of the retinal binding pockets in the two GPR
models revealed significant differences regarding the position
and orientation of the charged residues Asp 227 and Arg 94
relative to the chromophore. Afta 2 nsdynamics simulation
on the SRIl-based model, Asp 227 and the Schiff base
collapsed into each other to form a close-contact salt bridge.

observed for the BR- and SRll-based wild-type GPR and ¢ pitrggen atom in the Schiff base is separated from the

the H75K-GPR models are superimposed on the absorption

spectra of GPR at low (6) pH (Figure 7A,B) and high (10)
pH (Figure 7C). The calculated absorption spectra predict a
strongly allowed state that is blue-shifted relative to the
experimental Amax.  This observation is ascribed to the
inadequacy of the semiempirical methods in the treatment
of water molecules (position and orientation) in the binding
pocket. MNDO-PSDCI calculations on the BR-based model
provide a level ordering consistent with most retinal polyenes
(26, 28). However, the calculated energy of the strongly
allowed'B,* *-like state and the level ordering in the SRII-
based GPR model are unrealistic (Figure 7A).

DISCUSSION

BR- and SRII-Based Homology Moddtelative stabilities
of the BR- and SRIl-based GPR models are analyzed by
comparing the potential energies calculated for the 2 ns
structures and 2 ns minimized structures. As shown in Table

carboxyl oxygen atom on Asp 227 by a distance of only
2.95 A. This distance is significantly shorter than those
observed between NZ and the carboxyl oxygen atoms on
the counterion residues in the 1C3W and 1H68 crystal
structures of BR and SRIl, respectively (data shown in Table
2). The GPR model generated on the basis of the 1JGJ
structure behaved similarly to that of the 1H68-based
structure and was unstable to extended MD simulation. The
binding site of the 1JGJ-based GPR model collapsed with
the carboxyl oxygen on Asp 227 moving closer (2.66 A) to
the protonated Schiff base linkage (NZ) relative to the same
atom in the BR-based GPR model. This collapse occurred
despite the fact that water was included in the binding site.
MNDO-PSDCI calculations on the BR- and SRIl-based GPR
models provide additional perspective. The calculated transi-
tion energy for théB**-like state for the SRIl-based GPR
model is unrealistic (Figure 7) and can be traced to the
collapse of the binding pocket in the SRIl-based structure.
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of the binding pocket, and is similar to the absorption Wareleasin (s

properties of an unprotonated Schiff bagd)( The SRII-

based models generated by using both 1H68 and 1JGJ wer&!GURE 7. Calculated energies, relative oscillator strengths, and
g : . o approximate symmetries of the low-lyingz* states of the
qualitatively identical and unrealistic. chromophore have been superimposed on the absorption spectra at

Orientation of the Guanidinium Side Chain of Arg 94 in oy pH (B) and high pH (C). The height of the bars is representative
GPR. The two GPR models also differed regarding the of the relative oscillator strength. TAB,* *-like state for the SRII-

orientation of Arg 94. Previous studies have identified that based model (A) does not accurately predict the absorbance

it it ; i i in maximum of the protein in comparison to that of the BR-based
the position of the positively charged amino acid residue in model (B). The'B**-like state for the H75K variant is considerably

the quadrupole complex of BR (Arg 82) and SRII (Arg 72) ) e-shifted relative to that of the WT GPR ©).
and the electrostatic environment influenced by its interaction

with the charged counterion complex are responsible for the Role of His 75 in Spectral Tuning in GPRhe absorption
wavelength regulation of the protei@, 32). Following a spectra of GPR are pH-dependent with a red-shifted spectral
2 ns molecular dynamics simulation, the guanidinium side species absorbing at540 nm at low pH (acidic) and a blue-
chain of Arg 94 stabilizes with an orientation toward the shifted species absorbing @520 nm in a high-pH (basic)
Schiff base linkage of the chromophore in the BR-based solution. The histidine residue at position 75 is near the
model. In contrast, the SRIl-based GPR model yields a quadrupole residue complex in the BR-based GPR model
guanidinium side chain pointed away from the Schiff base. as shown in Figure 6 and Table 3. On the basis of our study,
This orientation is comparable to that found in the BPR we predict that histidine 75 in GPR is primarily unprotonated
model proposed by Hillebrecht et akg) where the side  under physiological pH conditions Kp, = 6.0). Titrating
chain of the arginine residue under alkaline conditions is GPR produces a spectral shift 6fl8 nm consistent with
oriented away from the Schiff base. In particular, Arg 95 in the protonation and reprotonation of H75 in the pH range
BPR (Arg 94 in GPR) under alkaline conditions interacts studied (pH 4.9-9.1). Previous experimental data suggested
with Glu 143 (Glu 142 in GPR), forming a salt bridge, a that replacement of His 75 with lysine in GPR completely
situation that closely resembles that of the binding pocket abolished the pH dependency of the protein on its absorption
environment in NpSRII (Figures 5A and 6). However, our maximum B3). The absorption maximum of the H75K-GPR
study on GPR indicates that a comparable arrangement invariant at~522 nm is pH-independent (pH 4:9.2). Our
GPR leads to instability and collapse of the binding site. This calculations on the H75K-GPR model predict that the butyl
finding further supports our conclusion that Arg 94 in GPR ammonium side chain of lysine is predominantly protonated
is pointing toward the PSB. (pKa2 = 9.0). This finding supports the pH independence
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Table 3: Calculated Distances between Residue 75 and the GPR binding_Site_S reveal t_hat the absorption_maXimum in
Counterion Complex (D97, D227) in the BR- and SRIl-Based GPR the H75K variant is blue-shifted (450 nm) relative to that of

Models wild-type GPR (480 nm) and that the H75K variant
distance (A) predominantly exists as a single spectral form (Figure 7).

protein/atoms WT GPR H75K-GPR This finding is consistent with experimental studies indicating
that the wild-type form of GPR absorbs maximally at 540

BR-GPR o o :
75-0D1 D97 4.96 4.97 nm under acidic conditions and at 522 nm under basic

75—0D2 D97 3.82 451 conditions.

522882 B%ﬁ; g‘;{é g:ég The electrostatic environment of the retinal binding pocket

SRII-GPR is significantly altered in the H75K variant in comparison
;g:gg% Bg; 1g-gg 18-;5 to wild-type GPR (Figure 8). Distances measured between
75-0D1 D227 14.82 14.45 His 75 and Arg 94 and the counterion residues Asp 97 and
75-0D2 D227 13.08 12.40 Asp 227 predict that, in the H75K variant, Asp 97 moves

2GPR generated on the basis of BR as the homology parent andcloger to the basic amino acid residues (His 75 and_Arg 94)
after a 2 nsmolecular dynamics simulatioh GPR generated on the ~ While Asp 227 moves closer to the protonated Schiff base,
basis of SRII as the homology parent and afe2 nsmolecular altering the electrostatic environment in the binding site (data

dynamics simulation. not shown). In the SRIl-based H75K variant, His 75 is
separated from the counterion complex by 10.00 A (Figure
Q [SO] WT-GPR 5B and Table 3). Because we know from the site-directed

studies that His 75 is a critical residue in facilitation of a
pH dependence of the absorption maximum of GPR, we
conclude that only the BR-based model of GPR is capable
of providing insight into the structurefunction relationship
responsible for the pH-dependent spectral properties.

COMMENTS AND CONCLUSIONS

From this study, we conclude that the BR-based model of
GPR is significantly more realistic than the SRIl-based model
in terms of structural stability, spectroscopic properties, and
the pH dependence of the spectroscopic properties. The
position of His 75 is predicted to be in close proximity to
the binding site in the BR-based model, and this model is
thus capable of rationalizing the molecular origins of the pH
dependence and the reason H75K has pH-independent
spectral properties. Another key difference between the BR-
based and SRII-based models involves the orientation of Arg
Q[Sol H75K-GPR 94, and the molecular dynamics simulations conclude that
this residue is pointing up into the binding site to yield a
counterion quadrupole environment similar to that observed
in BR. Our present study on GPR is in contrast to our
previous conclusions regarding BPR, which was modeled
much more effectively by using SRII as the homology parent.
Thus, GPR and BPR must be viewed as distinctly different
proteins despite significant homology. This observation
reopens the question of whether both are proton pumps or
whether BPR may be a photosensory pigment in vivo.
Alternatively, the mechanism of spectral tuning may be the
defining variable, and the fact that BR is a better model for
GPR and SRII a better model for BPR may reflect a common
mechanism for spectral tuning in both bacterial and archaeal
proton pumps. These interesting and important issues remain
open to interpretation and should stimulate further study.

Ficure 8: Potential model for the change in absorption as a function
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